As part of the effort by the Nevada Nuclear Waste Storage Investigations (NNWSI) Project to evaluate the volcanic tuff beds of Yucca Mountain, Nevada, as a repository for the permanent storage of high-level nuclear waste, the interaction of actinide-doped Savannah River Laboratory (SRL) 165 type glass with the unsaturated repository environment has been studied. Me NNWSI Unsaturated Test method has been used, and the results from batch and continuous tests completed through 18 months demonstrate that several Interactions are important for controlling both the reaction of the glass and the release of radionuclides. These Interactions Include (1) the reaction between the glass and moist air with Interludes of liquid water contact, which results 1n the release of alkali metals from the glass; and (2) the reaction between standing water, glass, and presensitized 304 L type stainless steel which results 1n breakdown of the glass matrix and the release of radionuclides from the glass-metal assemblage.
This first Unsaturated Test matrix served as a trial run of the test method, and several changes were made to the procedure to make the results more consistent and easier to Interpret. The change that affected the glass reaction to the greatest extent was that the metal In contact with glass was subjected to a pre-test heat treatment process (24 hours at 550 * 10*C, followed by slow cooling) with the goal of Imparting a uniform degree of sens1t1zat1on to the stainless steel. Further details of procedural changes are provided elsewhere [3] .
In this paper the results of the second Unsaturated Test matrix are presented. This matrix was done using the same SRL 165 type frit as used 1n the F series of tests, except for the addition of 237^, 239p Ui anc j 241Am to the current glass [3] . Batch tests have been completed through 52 weeks while the continuous tests are ongoing having been sampled through 65 weeks. Additionally, to help Interpret the effect of varying selected test parameters, parametric experimentation was performed in conjunction with the Unsaturated Test. Discussed here are parametric experiments done to examine the effect of using presensitized metal on the glass reaction. The results of these experiments are compared to those from the Unsaturated Test.
EXPERIMENTAL
The apparatus used 1n the Unsaturated Test has been described previously [1] , and a schematic diagram of the system 1s shown in Figure 1 . The components of the test apparatus are the test vessel, which provides for collection and containment of liquid and support of the waste package; the waste package assemblage (WPA), which consists of the waste form and perforated, presensitized, metallic components representing the pour canister; and a solution feed system to Inject test water. The test is performed at 90*C.
The WPA 1s cor*acted Intermittently by small measured amounts (drops) of repository water that has been preequilibrated with tuff at 90*C. The nature and degree of radionuclide release from the assemblage are determined by collection and analysis of the water that has contacted the 
RESULTS
The N2 Unsaturated Test series has been 1n progress over 65 weeks, and results of both batch and continuous tests are presented.
General Observations
Unlike the F Test series [1] , where there was a marked disparity 1n the post-reaction appearance of the components from Individual tests, the components from the N2 Tests were quite similar in appearance. The as-cut sections were uniform 1n appearance and the sides were reflective and smooth. After testing the top and bottom surfaces were noticeably reacted as shown In 
Solution Analysis
The test solutions were analyzed either at the end of a test period or, for the continuous tests, during the sampling period. At the termination of a test the WPA was rinsed with 10 mL of high purity water, while for the continuous tests, only the water collected in the bottom of the vessel was analyzed. Thus, the terminated tests contained a rinsed component that was not present 1n the continuous tests. A blank test was also run in the continuous mode. The purpose of this test was to evaluate whether any cross-contamination of radionuclides had occurred during sample handling and to serve as a check of the EJ-13 water composition collected during a test period. The solutions were analyzed for components of the glass frit, the EJ-13 water, and for radionuclides.
The raw solution results can be used In two ways: (1) after correction for components present In the EJ-13 water the extent of glass reaction can be monitored, and (2) for the continuous tests an estimate of the composition of the wattr 1n contact with the WPA can be made. This water compositional Information, In combination with the Identification of alteration products formed on the test components, can be used to model the Interactions that occurred during the test.
Glass Reaction
The extent of glass reaction Is best measured by monitoring elements whose presence 1n solution can be associated mainly with the glass, as opposed to the EJ-13 water or the metal components of the system. Such elements Include LI, U, 237 Np# 239p U| 241 Am| an£ j B .
Blank corrected solution results demonstrate several things: (1) All elements except S1 show a net release from the glass. Table I ). These plotted releases are calculated based on the total surface area of the glass and on the measured amount of each element released from the WPA after rinsing. However, If the amount of Pu, Am, and U remaining with the metal components of the WPA Is measured via complete stripping (Table I) 
Metal
The metal 1n contact with glass was covered with an amorphous mat rich in Al and Si. Few distinct phases were observed in the glass/metal interface region. Most of the alteration products accumulated in areas of standing water and were identified as Iron oxides. Several unique phases were observed on the metal Including a solid solution of the calcite-type structure Ca.74(Mn,Mg).26CO3 (Figure 6b ). Other alteration products were too small to identify using XRD analyses. A SEM/EDS spectrum of a uranium-rich phase is shown in Figure 6e .
After surface analyses the metal samples were acid stripped to remove actinides, cross-sectioned, epoxy mounted polished, and subjected to an oxalic acid etch to determine the extent of sensitization that had been imparted during heat treatment (Figure 7a,b) . It can be seen that two distinct levels of sensitization were Imparted to the metal. In all the N series samples studied, carbide precipitation at the grain boundaries is evident 1n the Interior of the sample. However, In the 13-and 26-week retainers the sensitization proceeds to within 10 pm of the surface of the steel, while In the 39-and 52-week tests the sensitization 1s to within only 40 /*m of the surface. Note that the extent of B and wt loss reaction (Figure 3 ) measured In the 39-and 52-week results was less than noted in the 13-and 26-week tests. 
DISCUSSION
The focus of this discussion will be interactions that affect the glass reaction and the behavior of the actinide elements. Further application of the data are described elsewhere [3] . The results of the several sets of Unsaturated Tests (F and N series) and the parametric experiments are consistent and indicate that there is a correlation between the degree of sensitization of the retainer sections, the extent of visually observed Interaction, and the measured SRL 165 glass reaction.
In the N Unsaturated Test series, all the metal retainers showed some degree of sensitization accompanied by a strong Interaction In the glass/ metal interface region. The 13-and 26-week batch tests showed a slightly greater deqree of sensitization than the 39-and 52-week batch tests and larger (NL)j values were observed in the shorter tests.
In the 52-week parametric experiment, a strong interaction was also observed and the (NL)j values closely matched those of the N series Unssturated Tests. However, the remaining parametric experiments showed no sensitization, no strong Interaction, and the (NL){ values were near to those observed 1n the continuous F series Unsaturated Test for which no strong Interaction was observed.
The sensitization process results in the precipitation of chromium carbides 1n the grain boundary regions and is dependent on the processing conditions and composition of the metal, and on the time and temperature A strong Interaction between glass and metal has been noted previously when ductile Iron and glass were present In the same leaching container as the glass [6] . However, previous studies Involving stainless steel and glass using standard leaching conditions showed no enhanced reaction due to the metal [6] [7] [8] . The exact nature of the increased Interaction is being Investigated further, but It 1s Interesting to note that in several.regions of strong interaction chloride containing precipitates are observed (Figures 6b and 6d) .
The release of the actinido elements from the WPA follow the trend Np > U > Pu 2 Am. A similar trend has been observed In leaching studies of SRL 165 type glass under saturated NNWSI conditions [8] . Neptunium released to only a slightly less extent than Li, and showed little interaction with the metal components of the test. Uranium release to solution, although somewhat variable, was about five times less than that of Np. Uranium was the only actinide for which a unique phase was detected using SEM/EDS (Figure 6e) ; although the U phase was not Identified on all samples, which may explain some of the variability in U release. Plutonium and Am were found only sparingly In solution. Previous studies [9, 10] Indicate that thsse elements can sorb strongly to metal surfaces or can either sorb or be Incorporated Into metal oxide and hydroxide phases. The add stripping process accounts for all the Pu and Am associated with the metal components (metal plus precipitates), and the total Pu and Am release 1s only slightly less than expected from matrix breakdown of the glass. The remaining Pu and Am 1s likely associated with the reaction products that remain on the glass surface.
There 1s no evidence that the sorption capacity of the metal components and alteration phases formed during the reaction process decreases with time, and the enhanced glass reaction that occurs due to metal sensitization may adequately generate new reaction phases that will Incorporate Pu and Am as they are released from the glass.
CONCLUSIONS
Unsaturated testing with associated parametric experimentation of SRL 165 type glass has been completed for up to 65 weeks. These tests, which are specific to the NNWSI repository site, result in the formation of several Identifiable reaction phases and reasonably constant elemental concentrations In solution. The data presented, In combination with pH and anion analyses (not presented), should be amenable to modeling using geochemical codes to project the long-term repository performance of glass waste.
Other data presented suggests that sensitized 304 L ss Interacts strongly with glass In the presence of small volumes of repository water. This strong Interaction results In matrix breakdown of the glass, thereby Increasing elemental release up to ten times the amount observed without the Interaction. However, the matrix breakdown does not necessarily result in equal release to solution of all the actinide elements. Neptunium 1s released to solution without Interacting significantly with either alteration phase or metal components. However, U interacts moderately with the reaction products and forms unique stable phases which decreases Its release to solution. The release of Pu and Am to solution 1s even more greatly reduced as these elements strongly Interact with reaction products.
The Tests reported here are still in progress and will be continued to gain additional Information regarding glass/metal/water Interactions under unsaturated conditions.
